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Fig.4
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Fig.5
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SPATTAL LIGHT MODULATOR, AND
SPATIAL LIGHT MODULATING METHOD

TECHNICAL FIELD

The present invention relates to a technique of correcting a
variation in phase modulation amount according to a tem-
perature change in a liquid crystal layer in a phase-modula-
tion type spatial light modulation device and spatial light
modulation method.

BACKGROUND ART

In Patent Document 1, there is described a technique of a
temperature compensating device of a color liquid crystal
display elements. An object of this technique is to make it
possible to appropriately modify optimal output voltage data
for temperature according to a variation or a temporal change
for each of a plurality of color liquid crystal display elements.
FIG. 14 is a block diagram showing a configuration of this
device. As shown in FIG. 14, this device includes a tempera-
ture sensing circuit 211, a data table 212 in which digital
optimal output voltage data for temperature are stored, and
from which optimal output voltage data corresponding to
temperature data from the temperature sensing circuit 211 are
read out, voltage correction means 217 for correcting the
optimal output voltage data read out from the data table 212,
a D/A conversion circuit 213 which converts the optimal
output voltage data from digital to analog, to transmit the data
to a drive circuit of the liquid crystal display element, an
operating unit 216 that provides correction data to the voltage
correction means 217, and control means 214 for modifying
the optimal output voltage data for temperature in the data
table 212 based on correction data from the operating unit 216
and temperature data from the temperature sensing circuit
211.

Further, in Patent Document 2, there is described a tech-
nique of a liquid crystal panel driving device which drives a
liquid crystal panel at a high speed by overdrive. FIG. 15is a
block diagram showing a configuration of this liquid crystal
panel driving device. This liquid crystal panel driving device
is a device which performs overdrive by use of a frame
memory 231 and a lookup table 232, and includes plural types
of lookup tables 232 corresponding to different temperature
ranges. This device activates a selection circuit 233 so as to
switch among the lookup tables 232 to use those based on
temperature information of an LCD module 234 obtained
from a temperature sensor 235.

Further, in Patent Document 3, there is described a tech-
nique of a semi-transmissive liquid crystal display device.
FIG. 16 is a block diagram showing a configuration of this
liquid crystal display device. This liquid crystal display
device includes a correction circuit 241. The correction cir-
cuit 241 has a lookup table selection unit 242, a plurality of
lookup tables for transmissive mode 243, a plurality of lookup
tables for reflective mode 253, a frame memory 244, a mode
determination unit 245, a switch 246, and a switch control
unit 256. The lookup tables for transmissive mode 243 and the
lookup tables for reflective mode 253 store correction values
(correction gradations) in which temporal changes in signal
are emphasized so as to correspond to combinations of cur-
rent gradations and target gradations. In addition, FIG. 17 is a
table showing a configuration example of this lookup table for
reflective mode 253.

The switch control unit 256 stores a threshold value Y for
an ambient temperature, and outputs a low-level switch con-
trol signal SC when a mode selection signal MD output from
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the mode determination unit 245 is at a low level or an ambi-
ent temperature T0 output via an A/D converter 247 from the
temperature sensor 248 is lower than or equal to the threshold
value Y, and outputs a high-level switch control signal SC in
the other case. A correction gradation output from the lookup
table for transmissive mode 243 or the lookup table for reflec-
tive mode 253 which is selected by the lookup table selection
unit 242, an input video signal V1, and the switch control
signal SC are input to the switch 246. The switch 246 outputs
the correction gradation when the switch control signal SC is
atalow level, and outputs the input video signal V1 when the
switch control signal SC is at a high level, as a correction
video signal V2.

CITATION LIST
Patent Literature

Patent Document 1: Japanese Patent Publication No.
3859317

Patent Document 2: Japanese Patent Application Laid-
Open No. 2004-133159

Patent Document 3: Japanese Patent Application Laid-
Open No. 2007-233061

SUMMARY OF INVENTION
Technical Problem

Conventionally, atechnique for modulating a phase of light
by a spatial light modulator (SLM) has been known. In gen-
eral, a spatial light modulator includes a liquid crystal layer,
and electrodes which are provided for each of a plurality of
pixels along the liquid crystal layer. When a voltage is applied
to the electrode, a liquid crystal molecule rotates according to
alevel of the voltage, to change the birefringence index of the
liquid crystal. When light is made incident into this liquid
crystal layer, a phase of the light changes within the liquid
crystal layer, and light having a phase difference with respect
to the incident light is emitted to the outside. Here, phase
modulation characteristics of the spatial light modulator
express the relationship between a level of the applied voltage
and a phase difference (i.e., a phase modulation amount) of
the emitted light before and after the voltage application. In
the phase modulation characteristics, the relationship
between a phase modulation amount and an applied voltage is
nonlinear. In addition, in order to easily convert such a non-
linear relationship, in general, a lookup table (Look Up Table;
LUT) showing a plurality of numerical values to which phase
modulation amounts and applied voltages correspond is used.

However, there is a problem that the relationship between
a phase modulation amount and an applied voltage varies
when a temperature of the liquid crystal layer changes. That
is, even in the case where a given constant voltage is applied,
a phase modulation amount differs according to a tempera-
ture of the liquid crystal layer at that time. Such a phenom-
enon causes serious problems depending on an intended
application for which the spatial light modulator is used. For
example, in the case where an object to be processed is irra-
diated via the spatial light modulator with laser beam output
from a laser beam source in laser processing, an error in a
phase modulation amount exerts a great eftfect on processing
accuracy. Further, in the case where the spatial light modula-
tor is used for a microscope, an ophthalmoscope, or the like,
there is a possibility that a useful observed image may not be
obtained depending on its operating temperature.
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In addition, an object of the temperature compensating
device described in Patent Document 1 described above is to
correct a color change according to a temperature change in
the liquid crystal display element. This temperature compen-
sating device retains an LUT showing the relationship
between a temperature of the liquid crystal display element
and an applied voltage value in advance, and selects an
applied voltage value corresponding to a detected tempera-
ture from the LUT. Further, the devices described in Patent
Documents 2 and 3 include a plurality of LUTs showing the
relationship between a temperature and an applied voltage
value, and select an optimal LUT according to a level of
temperature change. In this way, the devices described in
Patent Documents 1 to 3 all include the LUTs showing the
relationship between a temperature and an applied voltage
value. However, the relationship between a phase modulation
amount and an applied voltage is nonlinear as described
above, and if these relationships are shown by LUTs, it is
necessary to retain a plurality of LUTs corresponding to a
plurality of temperatures as Patent Documents 2 and 3, and a
large storage capacity is required. Further, it takes a great deal
of'time and effort to create such LUTs, and the accuracy of an
applied voltage value with respect to a desired phase modu-
lation amount as well is suppressed.

The present invention has been made in view of the above
problem, and an object thereof is to provide a spatial light
modulation device and a spatial light modulation method in
which it is possible to decrease a necessary storage capacity,
which makes its production easy, and it is possible to improve
the accuracy of an applied voltage value with respect to a
desired phase modulation amount.

Solution to Problem

In order to solve the above-described problem, a spatial
light modulation device according to the present invention is
a spatial light modulation device which modulates a phase of
incident light for each of the plurality of pixels one-dimen-
sionally or two-dimensionally arrayed, and the device
includes (1) a liquid crystal layer modulating a phase of the
incident light according to a level of an applied electric field,
(2) a temperature sensor generating a temperature signal
which is a signal corresponding to a temperature of the liquid
crystal layer, (3) a plurality of pixel electrodes which are
provided for each of the plurality of pixels and apply a voltage
for generating the applied electric field to the liquid crystal
layer, and (4) a voltage generation unit providing the voltage
to the plurality of pixel electrodes. The voltage generation
unit has storage means storing in advance one or a plurality of
coefficients included in a function expressing a correlation
between a temperature change amount in the liquid crystal
layer and a variation in phase modulation amount in the liquid
crystal layer, and carries out a calculation for correcting a
level of the voltage by use of a temperature indicated by the
temperature signal provided from the temperature sensor, and
the one or plurality of coefficients.

Inthis spatial light modulation device, the storage means of
the voltage generation unit stores the one or plurality of
coefficients included in the function expressing the correla-
tion between a temperature change amount of the liquid crys-
tal layer and a variation in phase modulation amount in the
liquid crystal layer. As shown in the embodiment which will
be described later, the inventors have found that such a func-
tion is determined in advance, and the coefficients thereof are
stored, thereby it is possible to preferably correct a variation
in phase modulation amount by the temperature change with-
out using a large number of LUTs. That is, in this spatial light
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modulation device, the voltage generation unit carries out a
calculation for correcting the level of the applied voltage by
use of a temperature indicated by the temperature signal
provided from the temperature sensor and the one or plurality
of coefficients. Thereby, it is possible to provide a spatial light
modulation device in which it is possible to decrease a nec-
essary storage capacity, which makes its production easy.
Moreover, different from the case where an LUT which is
created for each temperature is used, it is possible to continu-
ously obtain an applied voltage value corresponding to a
desired phase modulation amount, so as to correspond to a
temperature change in the liquid crystal layer, and accord-
ingly, it is possible to improve the accuracy of an applied
voltage value with respect to a desired phase modulation
amount.

Further, the spatial light modulation device may have a
configuration in which the function is a linear function, and
the number of the coefficients is one. In this case, it is pref-
erable for the spatial light modulation device that the range of
the voltage be limited to a predetermined range in which it is
possible to approximate the function as a linear function.
Further, in this case, it is preferable for the spatial light modu-
lation device that the voltage generation unit correct a control
input value S for controlling a level of the voltage based on the
following formula:

[Formula 1]

S0

5= To- T —Toyxe <100

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature TO0,
and a is a coefficient).

Further, the spatial light modulation device may have a
configuration in which the function is an n-th order function
(n is an integer not less than 2), and the number of the coef-
ficients is n. In this case, it is preferable for the spatial light
modulation device that the voltage generation unit correct a
control input value S for controlling a level of the voltage
based on the following formula:

[Formula 2]

S0

§= 100
00— (7 —TOXBr — ... (T —TOF xR

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature TO0,
and B, ... B, are the n coefficients).

Further, a spatial light modulation method according to the
present invention is a spatial light modulation method which
uses a liquid crystal layer modulating a phase of incident light
according to a level of an applied electric field, and a plurality
of pixel electrodes which are provided for each of a plurality
of pixels one-dimensionally or two-dimensionally arrayed,
and apply a voltage for generating the applied electric field to
the liquid crystal layer, and the method includes (1) a tem-
perature acquisition step of acquiring a temperature signal
which is a signal corresponding to a temperature of the liquid
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crystal layer from a temperature sensor, (2) a correction cal-
culation step of reading out one or a plurality of coefficients
from storage means storing in advance the one or plurality of
coefficients included in a function expressing a correlation
between a temperature change amount with respect to a ref-
erence temperature in the liquid crystal layer and a variation
in phase modulation amount in the liquid crystal layer, and
carrying out a calculation for correcting a level of the voltage
by use of a temperature indicated by the temperature signal,
and the one or plurality of coefficients, and (3) a voltage
application step of providing the corrected voltage to the
plurality of pixel electrodes.

In this spatial light modulation method, the storage means
stores the one or plurality of coefficients included in the
function expressing the correlation between a temperature
change amount in the liquid crystal layer and a variation in
phase modulation amount in the liquid crystal layer. As
shown in the embodiment which will be described later, the
inventors have found that such a function is determined in
advance, and the coefficients thereof are stored, thereby it is
possible to preferably correct a variation in phase modulation
amount by the temperature change without using a large
number of LUTs. That is, in this spatial light modulation
method, in the correction calculation step, a calculation for
correcting the level of the applied voltage is carried out by use
of'atemperature indicated by the temperature signal provided
from the temperature sensor and the one or plurality of coef-
ficients. Thereby, it is possible to provide a spatial light modu-
lation method in which it is possible to decrease a necessary
storage capacity, which makes production of the device used
in the method easy. Moreover, different from the case where
an LUT which is created for each temperature is used, it is
possible to continuously obtain an applied voltage value cor-
responding to a desired phase modulation amount, so as to
correspond to a temperature change in the liquid crystal layer,
and accordingly, it is possible to improve the accuracy of an
applied voltage value with respect to a desired phase modu-
lation amount.

Further, the spatial light modulation method may have a
configuration in which the function is a linear function, and
the number of the coefficients is one. In this case, it is pref-
erable for the spatial light modulation method that the range
of'the voltage be limited to a predetermined range in which it
is possible to approximate the function as a linear function.
Further, in this case, it is preferable for the spatial light modu-
lation method that, in the correction calculation step, a control
input value S for controlling a level of the voltage be corrected
based on the following formula:

[Formula 3]

S0

S=——> 100
00— (T-TO)xa *

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature T0,
and a is a coefficient).

Further, the spatial light modulation method may have a
configuration in which the function is an n-th order function
(n is an integer not less than 2), and the number of the coef-
ficients is n. In this case, it is preferable for the spatial light
modulation method that, in the correction calculation step, a
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control input value S for controlling a level of the voltage be
corrected based on the following formula:

[Formula 4]

5o S0
T 100 (T-TO)XB —...—(T-TOP x B,

x100

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature TO0,
and f3, ... B, are the n coefficients).

Advantageous Effects of Invention

In accordance with the present invention, it is possible to
provide a spatial light modulation device and a spatial light
modulation method in which it is possible to decrease a nec-
essary storage capacity, which makes its production easy, and
it is possible to improve the accuracy of an applied voltage
value with respect to a desired phase modulation amount.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram schematically showing a con-
figuration of a spatial light modulation device according to an
embodiment.

FIG. 2 includes (a) a diagram showing a part of the con-
figuration of a phase modulation unit, and (b) a diagram
showing a situation in which liquid crystal molecules on
respective pixel electrodes rotate.

FIG. 3 is a block diagram showing the configurations of a
driving device and a control device of a voltage generation
unit.

FIG. 4 is a flowchart showing a calculation method of
temperature change coefficient data.

FIG. 5 is a graph showing an example of the relationship
between an applied voltage to the pixel electrode and a phase
modulation amount.

FIG. 6 is a diagram conceptually showing a configuration
of a basic database.

FIG. 7 is a diagram showing a polarization interferometer
as an example of an optical system which is used at the time
of creating the basic database.

FIG. 8 is a graph showing a specific example of the rela-
tionship between an applied voltage and a phase modulation
amount.

FIG. 9 is a graph showing an example of the relationship
between a temperature change amount d (° C.) of the liquid
crystal layer, and a variation in phase modulation amount y
(%).

FIG. 10 is a flowchart showing a spatial light modulation
method according to an embodiment.

FIG. 11 is a block diagram showing a configuration of a
spatial light modulation device that is a first modification.

FIG. 12 is a flowchart showing a spatial light modulation
method according to the first modification.

FIG. 13 is a block diagram showing a configuration of a
spatial light modulation device that is a second modification.

FIG. 14 is a block diagram showing a configuration of a
device described in Patent Document 1.

FIG. 15 is a block diagram showing a configuration of a
liquid crystal panel driving device described in Patent Docu-
ment 2.
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FIG. 16 is a block diagram showing a configuration of a
liquid crystal display device described in Patent Document 3.

FIG. 17 is a table showing a configuration example of a
lookup table for reflective mode of the liquid crystal display
device described in Patent Document 3.

DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments of a spatial light modulation
device and a spatial light modulation method according to the
present invention will be described in detail with reference to
the accompanying drawings. In addition, the same compo-
nents are denoted by the same reference symbols in the
description of the drawings, and overlapping descriptions
thereof will be omitted.

FIG. 1 is a block diagram schematically showing a con-
figuration of a spatial light modulation device 1A according
to an embodiment of the present invention. As shown in FIG.
1, the spatial light modulation device 1A of the present
embodiment includes a phase modulation unit 10. The phase
modulation unit 10 is a reflective-type liquid crystal display
panel (a so-called LCOS-SLM) having a configuration in
which a liquid crystal is formed on a silicon substrate. This
phase modulation unit 10 modulates a phase of incident light.
Further, the spatial light modulation device 1A includes a
voltage generation unit 50A. The voltage generation unit S0A
includes a driving device 20A and a control device 30A. The
phase modulation unit 10, the driving device 20A, and the
control device 30A are respectively disposed in the housings
independent of each other.

(a) in FIG. 2 is a side sectional view showing a part of the
configuration of the phase modulation unit 10. The phase
modulation unit 10 has a silicon substrate 11 and a liquid
crystal layer 12 provided on the silicon substrate 11. Further,
the phase modulation unit 10 further has a first electrode 13
disposed between the silicon substrate 11 and the liquid crys-
tal layer 12, and a second electrode 14 provided at a position
so as to sandwich the liquid crystal layer 12 with the first
electrode 13. The first electrode 13 has a plurality of pixel
electrodes 13a for applying voltage to the liquid crystal layer
12. The plurality of pixel electrodes 13a are two-dimension-
ally arrayed in a plurality of rows and a plurality of columns,
and a plurality of pixels of the phase modulation unit 10 are
defined by these pixel electrodes 13a. The second electrode
14 is made of'a metal film evaporated on one surface of a glass
substrate 15. The glass substrate 15 is supported on the silicon
substrate 11 via a spacer 16 such that the above-described one
surface and the silicon substrate 11 face each other. The liquid
crystal layer 12 is formed by filling the space between the
silicon substrate 11 and the glass substrate 15 with liquid
crystals.

In the phase modulation unit 10 having such a configura-
tion, an analog signal voltage output from the driving device
20A is applied between the respective pixel electrodes 13a
and the second electrode 14. Thereby, an electric field is
generated in the liquid crystal layer 12. Then, as shown in (b)
in FIG. 2, liquid crystal molecules 12a on the respective pixel
electrodes 13a rotate according to the level of the applied
electric field. Because the liquid crystal molecules 12a have
birefringence characteristics, when light passes through the
glass substrate 15, to be made incident, a phase difference
corresponding to the rotation of the liquid crystal molecules
12a is provided only for light components parallel to the
orientation direction of the liquid crystal molecules 12a in
this light. In this way, a phase of light is modulated at each
pixel electrode 13a.
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Further, as will be described later, the relationship between
the birefringence index which the liquid crystal molecules
124 have and the applied voltage to the pixel electrodes 13a
varies according to a temperature change in the liquid crystal
layer 12. The phase modulation unit 10 of the present embodi-
ment further has a temperature sensor 17 in order to correct
such a variation caused by a temperature change. The tem-
perature sensor 17 is provided in order to detect a temperature
of the phase modulation unit 10, in particular, a temperature
of the liquid crystal layer 12, and generates a temperature
signal Stemp which is a signal corresponding to the tempera-
ture of the liquid crystal layer 12. The temperature sensor 17
is disposed, for example, on the silicon substrate 11 or on the
glass substrate 15.

The voltage generation unit 50A provides an analog volt-
age to the plurality of pixel electrodes 13a. FIG. 3 is a block
diagram showing the configurations of the driving device
20A and the control device 30A of the voltage generation unit
50A. As shown in FIG. 3, the control device 30A is preferably
realized by, for example, an electronic computer or the like
having a central processing unit (CPU) 31, a memory 32, and
ahard disk 33. The hard disk 33 stores a desired phase pattern
33a. The phase pattern 33a is data for performing phase
modulation at a desired phase modulation amount for each
pixel of the phase modulation unit 10. The central processing
unit 31 and the memory 32 transform the phase pattern 33«
into a control input value (gradation value) S1 for controlling
a voltage value to be applied to the liquid crystal layer 12 of
the phase modulation unit 10. The control device 30 A further
has a communication unit 34 which carries out transmission/
reception of a signal with the driving device 20A, and the
control input value S1 is transmitted to a communication unit
21 of the driving device 20A via the communication unit 34.
In addition, as communication means between the commu-
nication unit 34 and the communication unit 21, various
means such as serial communication or parallel communica-
tion may be used. Further, the communication means may be
any of wired and wireless communication means.

As shown in FIG. 3, the driving device 20A has the com-
munication unit 21, an input processing unit 22, a nonvolatile
storage element (Read Only Memory: ROM) 23, an adder
unit 24, a temperature correction unit 25, an LUT processing
unit 26, a digital-analog converter unit 27, and a temperature
sensor processing unit 28.

The communication unit 21 carries out transmission/re-
ception of a signal such as the control input value S1 with the
communication unit 34 of the control device 30A. The input
processing unit 22 generates a trigger signal Str for generat-
ing a vertical synchronizing signal and a horizontal synchro-
nizing signal based on the signal received from the commu-
nicationunit 21. The nonvolatile storage element 23 is storage
means for storing surface distortion correction pattern data
23a, temperature change coefficient data 235, and an LUT
23c. The surface distortion correction pattern data 23q is data
for correcting surface distortion generated on the surface of
the first electrode 13 at the time of making up circuit elements
around the pixel electrodes 13a on the silicon substrate 11 by
aphase difference provided by the liquid crystal layer 12. The
temperature change coefficient data 234 is data on coeffi-
cients for correcting a variation in the relationship between an
applied voltage to the pixel electrodes 134 and a phase modu-
lation amount by a temperature change in the liquid crystal
layer 12. The LUT 23c is data for correcting the nonlinearity
of'the liquid crystal layer 12, i.e., the nonlinearity between a
level of voltage to be applied to each pixel electrode 13a and
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a phase modulation amount. In addition, the LUT 23c¢ is data
when a temperature of the liquid crystal layer 12 is areference
temperature.

The adder unit 24 reads out the surface distortion correc-
tion pattern data 23a from the nonvolatile storage element 23,
and adds the surface distortion correction pattern data 23a to
the control input value S1 provided from the control device
30A, thereby generating a surface-distortion-corrected con-
trol input value S2. The adder unit 24 outputs the generated
control input value S2 to the temperature correction unit 25.
The temperature correction unit 25 corrects a variation in
modulation characteristics by a temperature change in the
liquid crystal layer 12 for the control input value S2. The
temperature correction unit 25 reads out the temperature
change coefficient data 236 from the nonvolatile storage ele-
ment 23. Then, the temperature correction unit 25 performs
predetermined arithmetic processing on the control input
value S2 based on the temperature change coefficient data
23b and a temperature value Ts obtained from the tempera-
ture sensor processing unit 28, thereby generating a control
input value S3. The temperature correction unit 25 outputs the
generated control input value S3 to the LUT processing unit
26.

The LUT processing unit 26 reads out the LUT 23¢ from
the nonvolatile storage element 23. Then, the LUT processing
unit 26 performs predetermined arithmetic processing on the
value output from the temperature correctionunit 25 by use of
this LUT 23c¢, thereby generating a control input value S4.
This control input value S4 is a value, in which the control
input value S3 is converted into a preferable value to be input
to the digital-analog converter unit 27. The LUT processing
unit 26 outputs the generated control input value S4 to the
digital-analog converter unit 27. The digital-analog converter
unit 27 generates an analog voltage V for each pixel which is
applied to the respective pixels of the phase modulation unit
10 based on the control input value S4. These analog voltages
V are output to the phase modulation unit 10 through a driving
means 27a, to be applied to the respective pixel electrodes
13a (refer to FIG. 2). In the phase modulation unit 10, the
inclination of the liquid crystal molecules 12a (refer to FIG.
2) changes according to a level of the applied voltage V, to
cause a change in refractive index. As a result, the phase
distribution corresponding to the desired phase pattern 33a is
spatially expressed, thereby modulating the phase of the inci-
dent light.

The temperature sensor processing unit 28 receives a tem-
perature signal Stemp of a current temperature of the liquid
crystal layer 12 from the temperature sensor 17 of the phase
modulation unit 10. The temperature sensor processing unit
28 provides a temperature value Ts of the liquid crystal layer
12 read from this temperature signal Stemp, to the tempera-
ture correction unit 25.

In addition, all or some of the surface distortion correction
pattern data 234, the temperature change coefficient data 235,
and the LUT 23c¢ which are stored in the nonvolatile storage
element 23 of the driving device 20A may be stored on the
hard disk 33 of the control device 30A. In that case, it is
preferable that all or some of the functions of the adder unit
24, the temperature correction unit 25, and the LUT process-
ing unit 26 be realized by the central processing unit 31 and
the memory 32.

Further, in the phase modulation unit 10, a phase modula-
tion amount ¢ has nonlinearity with respect to an applied
voltage value V. Then, in the present embodiment, the control
input value S1 whose relationship with the phase modulation
amount ¢ is able to be handled as linear is defined for conve-
nience, and the correspondence relationship between this
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control input value S1 and the voltage value V to be applied to
the respective pixel electrodes 13a is to be expressed in the
LUT 23c¢. In addition, the control input value S1 is an integer
from O to 255 in one example.

The LUT 23c¢ is created as follows for example. First, a
discrete numerical value group ® of phase modulation
amounts ¢ having linearity with respect to the control input
value S1 is specified. For example, in the case where the
control input value S1 is set as an integer from 0 to 255, and
the phase modulation amount ¢ is set as a numerical value
from 0 to 2z (rad), the relationship between the respective
numerical values of the phase modulation amount ¢ and the
control input value S1 is defined such that the respective
numerical values included in the numerical value group ® of
the phase modulation amounts ¢ satisfy the following for-
mula:

$=Sx2m1/255.

In this formula, the respective numerical values of the phase
modulation amount ¢ and the corresponding control input
value S1 are in a relationship linear to each other.

Next, a voltage value V to be applied to the pixel electrodes
13a in order to realize each phase modulation amount ¢
included in the numerical value group ® is calculated based
on the known phase modulation characteristics of the phase
modulation unit 10. Then, a table of the phase modulation
amounts ¢ included in the numerical value group ® and the
corresponding voltage values V is created. Because the phase
modulation amounts ¢ included in the numerical value group
@ and the respective integers as the control input value S1 are
in a relationship linear to each other, this table is further
converted into a correspondence table of the control input
value S1 and the voltage value V. This converted correspon-
dence table is to be the LUT 23c.

In addition, as a matter of convenience in the present
embodiment, an input value S to the LUT 23c¢ is defined, and
the LUT 23c¢ expresses the relationship between the control
input value S1 and the voltage value V, meanwhile, an input to
the LUT 23¢ may be a phase modulation amount ¢, and the
LUT 23¢ may express the relationship between the phase
modulation amount ¢ and the voltage value V.

Next, a calculation method of the temperature change coef-
ficient data 235 will be described. FIG. 4 is a flowchart show-
ing the calculation method. Further, FIG. 5 is a graph showing
an example of the relationship between an applied voltage V
to the pixel electrode 13a and a phase modulation amount ¢.
FIG. 5 shows a graph G11 when a temperature of the liquid
crystal layer 12 is the reference temperature T0, a graph G12
at a maximum temperature Tmax which is estimated in the
usage environment of the spatial light modulation device 1A,
and a graph G13 at a minimum temperature Tmin which is
estimated in the usage environment of the spatial light modu-
lation device 1A. In addition, it is preferable that a calculation
of'the temperature change coefficient data 235 be carried out,
for example, during the inspection of the spatial light modu-
lation device 1A, etc.

First, a range of applied voltages to the pixel electrodes 13a
is set based on the maximum temperature Tmax estimated in
the liquid crystal layer 12, and the maximum phase modula-
tion amount ¢max required for the phase modulation unit 10
atthe maximum temperature Tmax (Step S11). In addition, in
the following description, to facilitate understanding, the
maximum phase modulation amount ¢max is set to 2wt (rad).
Further, it is given that a maximum value in the applied
voltage range A set in this step S11 is Vb, and a minimum
value (that is a voltage value corresponding to the maximum
phase modulation amount ¢max) is Va (refer to FIG. 5).
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Next, based on the database (hereinafter called the basic
database) prepared in advance, a variation in phase modula-
tion characteristics according to a temperature change in the
liquid crystal layer 12 in the applied voltage range A (Va to
Vb) set in the above-described Step S11 is calculated (Step
S12). Here, FIG. 6 is a diagram conceptually showing a
configuration of the basic database. A basic database 41
includes multiple data prepared at respective temperatures of
a discrete temperature value group included in this tempera-
ture range (data showing the relationship between the applied
voltage V and the phase modulation amount ¢) in the tem-
perature range Tmin to Tmax of the liquid crystal layer 12. In
addition, as shown in FIG. 6, data at reference 41a showing
the relationship between the applied voltage V and the phase
modulation amount ¢ at the reference temperature T0, data at
a high temperature 415 showing the relationship between the
applied voltage V and the phase modulation amount ¢ when a
temperature of the liquid crystal layer 12 is the maximum
temperature Tmax, and data at a low temperature 41¢ show-
ing the relationship between the applied voltage V and the
phase modulation amount ¢ when a temperature of the liquid
crystal layer 12 is the minimum temperature Tmin are
included in these multiple data. In the multiple data including
these data 414 to 41¢ which are included in the basic database
41, the relationships between the applied voltages V and the
phase modulation amounts ¢ are all nonlinear. In this step
S12, variations in phase modulation characteristics according
to a temperature change in the liquid crystal layer 12 are
calculated over the entire range of the applied voltage range A
(Va to Vb) by use of such a basic database 41.

Here, FIG. 7 is a diagram showing a polarization interfer-
ometer 100 as an example of an optical system which is used
at the time of creating the basic database. This polarization
interferometer 100 includes a temperature control device 101,
ahalf mirror 102, alens 103, an analyzer 104, a polarizer 105,
a light source 106, and a light receiving element 107. The
temperature control device 101 is a device for controlling a
temperature of the liquid crystal layer 12 in the phase modu-
lation unit 10 to be an arbitrary temperature. The light source
106 generates light with a predetermined wavelength. This
light with a predetermined wavelength is made incident into
the phase modulation unit 10 via the polarizer 105 and the half
mirror 102. The light receiving element 107 detects a light
intensity of emitted light from the phase modulation unit 10.
The emitted light from the phase modulation unit 10 is
reflected by the half mirror 102, to thereafter reach the light
receiving element 107 via the lens 103 and the analyzer 104.
The analyzer 104 is in a relationship of crossed Nicol or open
Nicol with respect to the polarizer 105.

At the time of creating the basic database, first, the phase
modulation unit 10 is housed in the temperature control
device 101, to control the liquid crystal layer 12 of the phase
modulation unit 10 to be an arbitrary temperature. Then, after
the temperature of the liquid crystal layer 12 becomes stabi-
lized at a predetermined temperature, the voltages are applied
to the pixel electrodes 13« while changing an applied voltage
within the entire voltage range which is able to be applied to
the liquid crystal layer 12, and a phase difference between the
incident light and the emitted light generated by the electric
field is measured. In detail, linearly-polarized light parallel to
the orientation direction of the liquid crystal layer 12 is gen-
erated by the polarizer 105, and this light is made incident into
the phase modulation unit 10. At this time, phase modulation
(phase delay) occurs in the emitted light from the phase
modulation unit 10 according to a level of the applied voltage
to the pixel electrodes 13a. Then, when this emitted light
passes through the analyzer 104, because this analyzer 104 is
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in a relationship of crossed Nicol (or open Nicol) with respect
to the polarizer 105, the light intensity thereof changes
according to a phase modulation amount of the emitted light.
Accordingly, based on the light intensity detected in the light
receiving element 107 and an applied voltage value at that
time, it is possible to preferably obtain the relationship
between the applied voltage and the phase modulation
amount, i.e., the basic database when a temperature of the
liquid crystal layer 12 is a predetermined temperature.

In addition, FIG. 8 is a graph showing a specific example of
the relationship between the applied voltage and the phase
modulation amount which can be obtained in this way, a
graph G21 shows the case where a temperature of the liquid
crystal layer 12 is 20 degrees (the minimum temperature
Tmin), a graph G22 shows the case where a temperature of the
liquid crystal layer 12 is 27 degrees (the reference tempera-
ture T0), and a graph (G23 shows the case where a temperature
of the liquid crystal layer 12 is 42 degrees (the maximum
temperature Tmax), respectively. Further, in these graphs, the
minimum voltage Va (i.e., an applied voltage by which a
phase modulation amount becomes 27 (rad)) in the applied
voltage range A is 1.56 (V). With reference to FIG. 8, it is
understood that 2.567 (rad) is obtained as a phase modulation
amount ¢ for the maximum voltage Vb in the case where a
temperature of the liquid crystal layer 12 is the reference
temperature T0, and 2.797 (rad) is obtained as a phase modu-
lation amount ¢ for the maximum voltage Vb in the case
where a temperature is the minimum temperature Tmin.

As described above, in this Step S12, a phase modulation
amount ¢ is measured at each temperature of the liquid crystal
layer 12 over the entire voltage range which can be applied to
the liquid crystal layer 12, and the results thereof are summa-
rized in a table for each temperature.

In addition, because the set voltage range A (Va to Vb)
differs depending on a wavelength of incident light in the
phase modulation unit 10, the phase modulation amount ¢ as
well differs depending on a wavelength of incident light.
However, in the present embodiment, the above-described
Step S12 is carried out only once by use of incident light with
a reference wavelength, and the following conversion for-
mula is applied to the basic database obtained as a result of
Step S12, thereby it is possible to obtain a basic database for
another wavelength. That is, given that a reference wave-
lengthis A,,,, /... and a phase modulation amount at a display
gradation value tvis ¢.,,, 7.z (tV), a phase modulation amount
¢ (tv) at a given wavelength is determined by the following
formula (1).

[Formula 5]

®

Astandar
V) = Psmadara(1v) X %

In addition, the wavelength dispersive characteristics of the
liquid crystal layer 12 may be further taken into consideration
in the above formula (1).

Then, the table of the phase modulation amount ¢ for each
temperature determined by the above-described method is
converted into a table of a variation y in phase modulation
amount. That is, given that a phase modulation amount
obtained when the phase modulation unit 10 is at a tempera-
ture T is ¢, and a phase modulation amount obtained when
the phase modulation unit 10 is at the reference temperature
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TO is ¢, it is possible to calculate a variation y in phase
modulation amount by the following formula (2).

[Formula 6]
¢r 2)
= —x100
=% *

As shown in FIG. 4, after the variation y in phase modula-
tion amount according to a temperature change in the liquid
crystal layer 12 is calculated in the above-described Step S12,
a temperature change coefficient a included in the tempera-
ture change coefficient data 235 is calculated by use of this
calculated variation y (Step S13). Here, FIG. 9 is a graph
showing an example of the relationship between a tempera-
ture change amount d (° C.) of the liquid crystal layer 12 and
a variation y in phase modulation amount based on the data
obtained in Step S12. In addition, a temperature change
amount 0 is a difference (T-T0) between the reference tem-
perature T0 and the temperature T.

With reference to FIG. 9, itis understood that a temperature
change amount d of the liquid crystal layer 12 and a variation
vy in phase modulation amount are in a substantially propor-
tional relationship, and it is possible to approximate it with a
linear function G24. Such approximation is possible in the
case where an applied voltage range is limited within the
applied voltage range A shown in FIG. 8, i.e., a predetermined
range which can be approximated as a linear function. In this
Step S13, a constant « of the following approximate formula
(3) in this proportional relationship is determined.

[Formula 7]

y=0d+c

3

This constant o is the temperature change coefficient o as the
temperature change coefficient data 235. In other words, the
temperature change coefficient a expresses a change in phase
modulation characteristics according to a temperature change
in the liquid crystal layer 12 as a given coefficient.

Hereinafter, a spatial light modulation method of the
present embodiment including a method of correcting phase
modulation characteristics by use of the temperature change
coefficient o will be described with reference to F1G. 10. FIG.
10 is a flowchart showing the spatial light modulation method
of the present embodiment.

First, the phase pattern 33a stored in the hard disk 33 is
converted into a control input value S1 in the control device
30A, and this control input value S1 is transferred from the
control device 30A to the driving device 20A (Step S21).
Next, this control input value S1 and the surface distortion
correction pattern data 23a stored in the nonvolatile storage
element 23 of the driving device 20A are added in the adder
unit 24, to generate a control input value S2 (Step S22).
Further, a current temperature of the phase modulation unit 10
detected by the temperature sensor 17 is read out by the
temperature sensor processing unit 28 (Step S23, a tempera-
ture acquisition step). In addition, this Step S23 may be car-
ried out in parallel with the above-described steps S21 and
S22.

Next, the temperature change coefficient data 235 stored in
the nonvolatile storage element 23, the current temperature
value read out by the temperature sensor processing unit 28,
and the control input value S2 are provided for the tempera-
ture correction unit 25. In the temperature correction unit 25,
a calculation of a control input value S3 in which the effect by
atemperature change in the liquid crystal layer 12 is corrected
is carried out by use of the following temperature correction
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formula (4) (Step S24, a correction calculation step). In addi-
tion, in the formula (4), T is a current temperature of the phase
modulation unit 10, T0 is a reference temperature (a tempera-
ture during inspection in one example) of the phase modula-
tion unit 10, and S0 is a control input value for obtaining a
desired phase modulation amount ¢ at the reference tempera-
ture TO.

[Formula 8]

_ S0
T 100 (T-TO)xa

@)

S3 x 100

Next, based onthe LUT 23c¢, a predetermined calculation is
carried out on the control input value S3, to generate a control
input value S4 which is preferably input to the digital-analog
converter unit 27 (Step S25). Then, an analog voltage for each
pixel which is applied to the respective pixels of the phase
modulation unit 10 is generated based on the control input
value S4 in the digital-analog converter unit 27 (Step S26).
These analog voltages are transmitted to the driving means
27a. Then, these analog voltages are output from the driving
means 274 to the phase modulation unit 10, to be applied to
the respective pixel electrodes 13a (Step S27, a voltage appli-
cation step). In the phase modulation unit 10, the inclination
of the liquid crystal molecules 12a changes according to a
level of the applied voltage, to cause a change in refractive
index. As a result, the phase distribution corresponding to the
desired phase pattern 33a is spatially expressed, thereby
modulating the phase of the incident light (Step S28).

The effects obtained by the spatial light modulation device
1A and the spatial light modulation method of the present
embodiment which have been described above will be
described. In the spatial light modulation device 1A and the
spatial light modulation method, the nonvolatile storage ele-
ment 23 of the driving device 20A stores one coefficient o
included in a function expressing the correlation between a
temperature change amount in the liquid crystal layer 12 and
a variation in phase modulation amount in the liquid crystal
layer 12. The inventors have found that a function expressing
the relationship between a temperature change amount in the
liquid crystal layer 12 and a variation in phase modulation
amount is determined in advance (refer to the above-de-
scribed formula (3)), and the coefficient o thereof is stored,
thereby it is possible to preferably correct the variation in
phase modulation amount by the temperature change without
using a large number of LUTs. That is, in the spatial light
modulation device 1A and the spatial light modulation
method, the driving device 20A carries out a calculation for
correcting a level of the applied voltage V by use of a tem-
perature indicated by a temperature signal Stemp provided
from the temperature sensor 17 and the above-described one
coefficient a.. Thereby, it is possible to provide a spatial light
modulation device and a spatial light modulation method in
which it is possible to decrease a necessary storage capacity,
which makes its production easy. Moreover, different from
the case where an LUT which is a discrete data aggregate is
used, it is possible to continuously obtain an applied voltage
value corresponding to a desired phase modulation amount,
s0 as to correspond to a temperature change in the liquid
crystal layer 12. Accordingly, it is possible to correct the
phase modulation characteristics at small temperature inter-
vals of, for example, 1° C. or 0.1° C., and it is possible to
improve the accuracy of an applied voltage value with respect
to a desired phase modulation amount.
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Further, in the spatial light modulation device 1A and the
spatial light modulation method of the present embodiment,
the temperature correction unit 25 corrects a control input
value S3 by use of a temperature change coefficient o which
is a proportionality coefficient between a temperature change
amount d of the liquid crystal layer 12 and a variation v in
phase modulation amount. The inventors have found, as
shown in FIG. 9, that a temperature change amount d and a
variation y in phase modulation amount have a pronounced
proportional relationship (form a linear function) in a given
applied voltage range A. By use of the slope (temperature
change coefficient) a, it is possible to very easily correct a
control input value S3 without storing large volumes of data.
That is, in accordance with this spatial light modulation
device 1A and the spatial light modulation method, it is pos-
sible to easily correct a variation in phase modulation amount
by a temperature change in the liquid crystal layer 12.

In the present embodiment, the surface distortion correc-
tion pattern data 23« is stored in the nonvolatile storage ele-
ment 23 of the driving device 20A. However, the surface
distortion correction pattern data may be stored on the hard
disk 33 of the control device 30A. In that case, it is preferable
that the function of the adder unit 24 be realized by the central
processing unit 31 and the memory 32 of the control device
30B.

Further, in the present embodiment, the desired phase pat-
tern 33a is stored on the hard disk 33 of the control device
30A. However, the desired phase pattern may be stored in the
nonvolatile storage element 23 of the driving device 20A.
Even in that case, the control device 30A has a function of
providing the trigger signal used for generating a vertical
synchronizing signal and a horizontal synchronizing signal
required for driving the phase modulation unit 10 to the
driving device 20A.

Further, in the present embodiment, the phase modulation
unit 10, the driving device 20A, and the control device 30A
respectively have a housing independent of each other. How-
ever, the phase modulation unit 10 and the driving device 20A
may be housed in a common housing. Or, the phase modula-
tion unit 10, the driving device 20A, and the control device
30A may be all housed in a common housing.

Further, in the present embodiment, the phase modulation
unit 10 may further have means (for example, a fan, a Peltier
element, or the like) for making a temperature of the liquid
crystal layer 12 controllable. With this, it is possible to
decrease a range of temperature changes in the liquid crystal
layer 12, and therefore, for example, it suffices to correct a
variation of several degrees C. with respect to the reference
temperature T0 by the temperature correction unit 25, which
makes it possible to correct a variation in phase modulation
amount by a temperature change in the liquid crystal layer 12
with higher accuracy.

Further, in the present embodiment, the temperature cor-
rection unit 25 corrects a control input value based on the
formula (4). However, depending on a width of a range of
voltages applied to the pixel electrodes 13a, the relationship
between a temperature change amount d and a variation y in
phase modulation amount may be nonlinear in some cases. In
that case, it is preferable to determine coefficients {3, to f§,, of
the following approximate formula (5) in this nonlinear rela-
tionship in place of the coefficient o of the formula (3) in Step
S13 described above.

[Formula 9]

Y=PB,0"+ . .. +P1d+c 5)

Then, it is preferable that these coefficients 3, to j3,, be set as
temperature change coefficients of the temperature change
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coefficient data 235. Further, it is preferable that the tempera-
ture correction unit 25 perform a calculation of a control input
value S3 in which the effect by a temperature change in the
liquid crystal layer 12 is corrected by use of the following
temperature correction formula (6) in place of the above-
described temperature correction formula (4). In addition, in
the formula (6), T is a current temperature of the phase modu-
lation unit 10, TO is a reference temperature (a temperature
during inspection in one example) of the phase modulation
unit 10, and S0 is a control input value for obtaining a desired
phase modulation amount ¢ at the reference temperature T0.

[Formula 10]

_ S0
T100—(T-TOXB —... —(T=TO" X,

©

S3 x 100

By performing temperature correction by use of such nonlin-
ear coefficients, it is possible to perform phase modulation
with higher accuracy (for example, in units of 1° of phase, in
units of 0.1°, or in units of 0.01°) regardless of the tempera-
ture change in the liquid crystal layer 12.

(First Modification)

FIG. 11 is a block diagram showing a configuration of a
spatial light modulation device 1B that is a first modification
ofthe above-described embodiment. As shownin FIG. 11, the
spatial light modulation device 1B according to the present
modification includes, in addition to the phase modulation
unit 10, adriving device 20B and a control device 30B serving
as a voltage generation unit. In addition, because the configu-
ration of the phase modulation unit 10 is the same as the
configuration of the phase modulation unit 10 of the above-
described embodiment, the detailed descriptions thereof will
be omitted.

The control device 30B is preferably realized by, for
example, an electronic computer or the like having the central
processing unit 31, the memory 32, and the hard disk 33 in the
same way as the control device 30A of the above-described
embodiment. However, in this modification, the hard disk 33
stores not only the desired phase pattern 33a, but also surface
distortion correction pattern data 33b, and temperature
change coefficient data 33¢. The surface distortion correction
pattern data 335 is data corresponding to the surface distor-
tion correction pattern data 23a of the above-described
embodiment, and data for correcting surface distortion gen-
erated on the surface of the first electrode 13 at the time of
making up circuit elements around the pixel electrodes 13a on
the silicon substrate 11 by a phase difference provided by the
liquid crystal layer 12. Further, the temperature change coef-
ficient data 33¢ is data corresponding to the temperature
change coefficient data 235 of the above-described embodi-
ment, and data on coefficients for correcting a variation in the
relationship between an applied voltage to the pixel elec-
trodes 13a and a phase modulation amount by a temperature
change in the liquid crystal layer 12.

As shown in FIG. 11, the central processing unit 31 realizes
an adder unit 32a, a temperature correction unit 324, and a
temperature readout instruction unit 32¢ by reading a prede-
termined program stored in the memory 32. The adder unit
32a reads out the phase pattern 33a and the surface distortion
correction pattern data 3356 from the hard disk 33, and adds
these one to another to generate a control input value S5. The
temperature readout instruction unit 32¢ generates a signal Sr
for requesting data on a temperature of the liquid crystal layer
12 to the driving device 20B. This signal Sr is transmitted to



US 9,250,459 B2

17

the temperature sensor processing unit 28 of the driving
device 20B via the communication unit 34. The temperature
correction unit 325 reads out the temperature change coeffi-
cient data 33¢ from the hard disk 33 and receives data on the
current temperature of the phase modulation unit 10 from the
driving device 20B, and performs predetermined arithmetic
processing on the control input value S5 based on these data.
In addition, this calculation is the same as the calculation
carried out by the temperature correction unit 25 in the above-
described embodiment. The temperature correction unit 325
provides a control input value S6 after calculation to the
driving device 20B via the communication unit 34.

The driving device 20B has the communication unit 21, the
input processing unit 22, the nonvolatile storage element 23,
the LUT processing unit 26, the digital-analog converter unit
27, and the temperature sensor processing unit 28. The con-
figurations and operations thereof are the same as those in the
above-described embodiment. In addition, the driving device
20B of the present modification does not have the adder unit
24 and the temperature correction unit 25 in the above-de-
scribed embodiment, and the nonvolatile storage element 23
does not store the surface distortion correction pattern data
23a and the temperature change coefficient data 235. These
components are included in the control device 30B which has
been already described.

FIG. 12 is a flowchart showing a spatial light modulation
method according to the present modification. Hereinafter,
the operations of the spatial light modulation method and the
spatial light modulation device 1B according to the present
modification will be described with reference to FIG. 12.

First, the phase pattern 33a and the surface distortion cor-
rection pattern data 335 stored in the hard disk 33 are read out
by the central processing unit 31, and these are added one to
another, to generate a control input value S5 (Step S31).
Further, a temperature signal Stemp of a current temperature
of the liquid crystal layer 12 detected by the temperature
sensor 17 is transmitted to the temperature sensor processing
unit 28, and a temperature value Ts indicated by the tempera-
ture signal Stemp is transmitted to the central processing unit
31 via the communication unit 34 (Step S32, a temperature
acquisition step). In addition, this Step S32 may be carried out
in parallel with the above-described Step S31.

Next, the temperature change coefficient data 33c¢ stored in
the hard disk 33 and the current temperature value Ts are read
out by the central processing unit 31, and the calculation
shown in the above-described formula (4) is carried out on the
control input value S5, thereby calculating a control input
value S6 in which the effect by a temperature change in the
liquid crystal layer 12 is corrected (Step S33, a correction
calculation step). This control input value S6 is transmitted
from the control device 30B to the driving device 20B (Step
S34).

Next, based onthe LUT 23¢, apredetermined calculation is
carried out on the control input value S6, to generate a control
input value S7 which is preferably input to the digital-analog
converter unit 27 (Step S35). Then, an analog voltage V for
each pixel which is applied to the respective pixels of the
phase modulation unit 10 is generated based on the control
input value S7 in the digital-analog converter unit 27 (Step
S36). These analog voltages V are transmitted to the driving
means 27a. Then, these analog voltages V are output from the
driving means 27a to the phase modulation unit 10, to be
applied to the respective pixel electrodes 13a (Step S37, a
voltage application step). In the phase modulation unit 10, the
inclination of the liquid crystal molecules 12a changes
according to alevel of the applied voltage V, to cause a change
in refractive index. As a result, the phase distribution corre-
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sponding to the desired phase pattern 33a is spatially
expressed, thereby modulating the phase of the incident light
(Step S38).

In accordance with the spatial light modulation device 1B
and the spatial light modulation method according to the
present modification described above, in the same way as the
above-described embodiment, because the temperature cor-
rection unit 325 corrects the control input value S5 by use of
the temperature change coefficient, it is possible to easily
correct a variation in phase modulation amount by a tempera-
ture change in the liquid crystal layer 12. Moreover, it is
possible to decrease a necessary storage capacity, which
makes its production easy, and it is possible to improve the
accuracy of an applied voltage value with respect to a desired
phase modulation amount.

In addition, in the present modification, the LUT 23c¢ is
stored in the nonvolatile storage element 23 of the driving
device 20B. However, the LUT may be stored on the hard disk
33 of the control device 30B. In that case, it is preferable that
the LUT processing unit may be realized by the central pro-
cessing unit 31 and the memory 32 of'the control device 30B.

(Second Modification)

FIG. 13 is a block diagram showing a configuration of a
spatial light modulation device 1C that is a second modifica-
tion of the above-described embodiment. As shown in FIG.
13, the spatial light modulation device 1C according to the
present modification includes the phase modulation unit 10,
and a driving device 20C serving as a voltage generation unit.
Between these, the configuration of the phase modulation unit
10 is the same as the configuration of the phase modulation
unit 10 of the above-described embodiment.

The driving device 20C has a control unit 29. The control
unit 29 is preferably realized by, for example, an electronic
computer or the like having a central processing unit (CPU),
a memory, and a hard disk. Further, the driving device 20C
has the input processing unit 22, the nonvolatile storage ele-
ment 23, the adder unit 24, the temperature correction unit 25,
the LUT processing unit 26, the digital-analog converter unit
27, and the temperature sensor processing unit 28.

The input processing unit 22 generates a trigger signal Str
for generating a vertical synchronizing signal and a horizon-
tal synchronizing signal based on the signal received from the
control unit 29. The nonvolatile storage element 23 stores a
desired phase pattern 234, in addition to the surface distortion
correction pattern data 23a, the temperature change coeffi-
cient data 235, and the LUT 23¢. The phase pattern 234
corresponds to the phase pattern 33a in the above-described
embodiment.

The adder unit 24 reads out the surface distortion correc-
tion pattern data 23a and the phase pattern 23d from the
nonvolatile storage element 23, and adds these one to another
to generate a surface-distortion-corrected control input value
S8. The adder unit 24 outputs the generated control input
value S8 to the temperature correction unit 25. The tempera-
ture correction unit 25 performs predetermined arithmetic
processing on the control input value S8 based on the tem-
perature change coefficient data 236 and the temperature
value Ts obtained from the temperature sensor processing
unit 28, thereby generating a control input value S9. The LUT
processing unit 26 performs predetermined arithmetic pro-
cessing on the control input value S9 by use of the LUT 23¢,
thereby generating a control input value S10 which is prefer-
ably input to the digital-analog converter unit 27. The digital-
analog converter unit 27 generates an analog voltage V for
each pixel which is applied to the respective pixels of the
phase modulation unit 10 based on the control input value
S10. These analog voltages V are output to the phase modu-
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lation unit 10 through the driving means 27a, to be applied to
the respective pixel electrodes 13a (refer to FIG. 2).

In accordance with the spatial light modulation device 1C
according to the present modification described above, in the
same way as the above-described embodiment, because the
temperature correction unit 25 corrects the control input value
S8 by use of a temperature change coefficient, it is possible to
easily correct a variation in phase modulation amount by a
temperature change in the liquid crystal layer 12. Moreover, it
is possible to decrease a necessary storage capacity, which
makes its production easy, and it is possible to improve the
accuracy of an applied voltage value with respect to a desired
phase modulation amount.

The spatial light modulation device and the spatial light
modulation method according to the present invention are not
limited to the embodiment described above, and other various
modifications are possible. For example, in the above-de-
scribed embodiment, the case where the pixel electrodes of
the phase modulation unit are two-dimensionally arrayed in a
plurality of rows and a plurality of columns has been exem-
plified, however, the spatial light modulation device in the
present invention is not limited to this case, and may have a
configuration in which, for example, a plurality of pixel elec-
trodes are one-dimensionally arrayed.

A spatial light modulation device according to the above-
described embodiment is a spatial light modulation device
which modulates a phase of incident light for each of a plu-
rality of pixels one-dimensionally or two-dimensionally
arrayed, and the device includes (1) a liquid crystal layer that
modulates a phase of the incident light according to a level of
an applied electric field, (2) a temperature sensor that gener-
ates a temperature signal which is a signal corresponding to a
temperature of the liquid crystal layer, (3) a plurality of pixel
electrodes which are provided for each of the plurality of
pixels and apply a voltage for generating the applied electric
field to the liquid crystal layer, and (4) a voltage generation
unit that provides the voltage to the plurality of pixel elec-
trodes. The voltage generation unit has storage means which
stores in advance one or a plurality of coefficients included in
a function expressing a correlation between a temperature
change amount with respect to a reference temperature of the
liquid crystal layer and a variation in phase modulation
amount in the liquid crystal layer, and carries out a calculation
for correcting a level of the voltage by use of a temperature
indicated by the temperature signal provided from the tem-
perature sensor and the one or plurality of coefficients.

Further, the spatial light modulation device may have a
configuration in which the function is a linear function, and
the number of the coefficients is one. In this case, it is pref-
erable for the spatial light modulation device that the range of
the voltage is limited to a predetermined range in which it is
possible to approximate the function as a linear function.
Further, the spatial light modulation device may have a con-
figuration in which the function is an n-th order function (n is
an integer not less than 2), and the number of the coefficients
is n.

Further, a spatial light modulation method according to the
above-described embodiment is a spatial light modulation
method which uses a liquid crystal layer that modulates a
phase of incident light according to a level of an applied
electric field, and a plurality of pixel electrodes which are
provided for each of a plurality of pixels one-dimensionally
or two-dimensionally arrayed, and apply a voltage for gener-
ating the applied electric field to the liquid crystal layer, and
the method includes (1) a temperature acquisition step of
acquiring a temperature signal which is a signal correspond-
ing to a temperature of the liquid crystal layer from a tem-
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perature sensor, (2) a correction calculation step of reading
out one or a plurality of coefficients from storage means
which stores in advance the one or plurality of coefficients
included in a function expressing a correlation between a
temperature change amount with respect to a reference tem-
perature of the liquid crystal layer and a variation in phase
modulation amount in the liquid crystal layer, and carrying
out a calculation for correcting a level of the voltage by use of
atemperature indicated by the temperature signal, and the one
or plurality of coefficients, and (3) a voltage application step
of providing the corrected voltage to the plurality of pixel
electrodes.

Further, the spatial light modulation method may have a
configuration in which the function is a linear function, and
the number of the coefficients is one. In this case, it is pref-
erable for the spatial light modulation method that the range
of'the voltage is limited to a predetermined range in which it
is possible to approximate the function as a linear function.
Further, the spatial light modulation method may have a con-
figuration in which the function is an n-th order function (n is
an integer not less than 2), and the number of the coefficients
is n.

Industrial Applicability

The present invention is applicable as a spatial light modu-
lation device and a spatial light modulation method in which
it is possible to decrease a necessary storage capacity, which
makes its production easy, and it is possible to improve the
accuracy of an applied voltage value with respect to a desired
phase modulation amount.

Reference Signs List

1A to 1C-spatial light modulation device, 10-phase modu-
lation unit, 11-silicon substrate, 12-liquid crystal layer, 12a-
liquid crystal molecule, 13, 14-electrode, 13a-pixel elec-
trode, 15-glass substrate, 16-spacer, 17-temperature sensor,
20A to 20C-driving device, 21-communication unit, 22-input
processing unit, 23-nonvolatile storage element, 23a, 3356-
surface distortion correction pattern data, 2356, 33¢-tempera-
ture change coefficient data, 23¢-L.UT, 23d, 33a-phase pat-
tern, 24-adder unit, 25-temperature correction unit, 26-LUT
processing unit, 27-digital-analog converter unit, 27a-driving
means, 28-temperature sensor processing unit, 30A, 30B-
control device, 31-central processing unit, 32-memory, 32a-
adder unit, 32h-temperature correction unit, 32¢c-temperature
readout instruction unit, 33-hard disk, 34-communication
unit, 41-basic database, S0A-voltage generation unit, 100-
polarization interferometer, 101-temperature control device,
102-half mirror, 103-lens, 104-analyzer, 105-polarizer, 106-
light source, 107-light receiving element, A-applied voltage
range, S1 to S10-control input value, Stemp-temperature sig-
nal.

The invention claimed is:

1. A spatial light modulation device which modulates a
phase of incident light for each of a plurality of pixels one-
dimensionally or two-dimensionally arrayed, the device com-
prising:

a liquid crystal layer modulating a phase of the incident

light according to a level of an applied electric field;

a temperature sensor generating a temperature signal
which is a signal corresponding to a temperature of the
liquid crystal layer;

a plurality of pixel electrodes which are provided for each
of the plurality of pixels and apply a voltage for gener-
ating the applied electric field to the liquid crystal layer;
and

a voltage generation unit providing the voltage to the plu-
rality of pixel electrodes, wherein
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the voltage generation unit has storage means storing in
advance one or a plurality of coefficients included in a
function expressing a correlation between a temperature
change amount with respect to a reference temperature
of'the liquid crystal layer and a variation in phase modu-
lation amount in the liquid crystal layer, and a look up
table for correcting nonlinearity between a level of the
voltage and the phase modulation amount at the refer-
ence temperature, and

carries out a calculation for correcting the level of the
voltage to be applied to each pixel electrode by correct-
ing a control input value S for controlling the level of the
voltage by use of a temperature indicated by the tem-
perature signal provided from the temperature sensor
and the one or plurality of coefficients, and determining
the level of the voltage based on the corrected control
input value S by use of the look up table.

2. A spatial light modulation method which uses a liquid
crystal layer modulating a phase of incident light according to
a level of an applied electric field, and a plurality of pixel
electrodes which are provided for each of a plurality of pixels
one-dimensionally or two-dimensionally arrayed, and apply
avoltage for generating the applied electric field to the liquid
crystal layer, the method comprising:

a temperature acquisition step of acquiring a temperature
signal which is a signal corresponding to a temperature
of the liquid crystal layer from a temperature sensor;

a correction calculation step of reading out one or a plural-
ity of coefficients and a look up table from storage means
storing in advance the one or plurality of coefficients
included in a function expressing a correlation between
atemperature change amount with respect to a reference
temperature of the liquid crystal layer and a variation in
phase modulation amount in the liquid crystal layer, and
the look up table for correcting nonlinearity between a
level of the voltage and the phase modulation amount at
the reference temperature, and

carrying out a calculation for correcting the level of the
voltage to be applied to each pixel electrode by correct-
ing a control input value S for controlling the level of the
voltage by use of a temperature indicated by the tem-
perature signal and the one or plurality of coefficients,
and determining the level of the voltage based on the
corrected control input value S by use of the look up
table; and

a voltage application step of providing the corrected volt-
age to the plurality of pixel electrodes.

3. A spatial light modulation device which modulates a
phase of incident light for each of a plurality of pixels one-
dimensionally or two-dimensionally arrayed, the device com-
prising:

a liquid crystal layer modulating a phase of the incident

light according to a level of an applied electric field;

a temperature sensor generating a temperature signal
which is a signal corresponding to a temperature of the
liquid crystal layer;

a plurality of pixel electrodes which are provided for each
of the plurality of pixels and apply a voltage for gener-
ating the applied electric field to the liquid crystal layer;
and

a voltage generation unit providing the voltage to the plu-
rality of pixel electrodes, wherein

the voltage generation unit has storage means storing in
advance one or a plurality of coefficients included in a
function expressing a correlation between a temperature
change amount with respect to a reference temperature
of'the liquid crystal layer and a variation in phase modu-
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lation amount in the liquid crystal layer, and carries out
a calculation for correcting a level of the voltage by use
of a temperature indicated by the temperature signal
provided from the temperature sensor, and the one or
plurality of coefficients,

the function is a linear function, and the number of the
coefficients is one, and

the voltage generation unit corrects a control input value S
for controlling a level of the voltage based on the fol-
lowing formula:

S0

S=—— 0 100
00— (T-TOxa

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature TO0,
and a is the coefficient).

4. A spatial light modulation device which modulates a
phase of incident light for each of a plurality of pixels one-
dimensionally or two-dimensionally arrayed, the device com-
prising:

a liquid crystal layer modulating a phase of the incident

light according to a level of an applied electric field;

a temperature sensor generating a temperature signal
which is a signal corresponding to a temperature of the
liquid crystal layer;

a plurality of pixel electrodes which are provided for each
of the plurality of pixels and apply a voltage for gener-
ating the applied electric field to the liquid crystal layer;
and

a voltage generation unit providing the voltage to the plu-
rality of pixel electrodes, wherein

the voltage generation unit has storage means storing in
advance one or a plurality of coefficients included in a
function expressing a correlation between a temperature
change amount with respect to a reference temperature
of the liquid crystal layer and a variation in phase modu-
lation amount in the liquid crystal layer, and carries out
a calculation for correcting a level of the voltage by use
of a temperature indicated by the temperature signal
provided from the temperature sensor, and the one or
plurality of coefficients,

the function is an n-th order function (nis an integer not less
than 2), and the number of the coefficients is n, and

the voltage generation unit corrects a control input value S
for controlling a level of the voltage based on the fol-
lowing formula:

_ S0
T 100 (T-TO)XB —...—(T-TOY' X B,

S x100

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature TO0,
and p1 ...pn are the n coefficients).

5. A spatial light modulation method which uses a liquid
crystal layer modulating a phase of incident light according to
a level of an applied electric field, and a plurality of pixel
electrodes which are provided for each of a plurality of pixels
one-dimensionally or two-dimensionally arrayed, and apply
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avoltage for generating the applied electric field to the liquid
crystal layer, the method comprising:

a temperature acquisition step of acquiring a temperature
signal which is a signal corresponding to a temperature
of the liquid crystal layer from a temperature sensor;

a correction calculation step of reading out one or a plural-
ity of coefficients from storage means storing in advance
the one or plurality of coefficients included in a function
expressing a correlation between a temperature change
amount with respect to a reference temperature of the
liquid crystal layer and a variation in phase modulation
amount in the liquid crystal layer, and carrying out a
calculation for correcting a level of the voltage by use of
a temperature indicated by the temperature signal, and
the one or plurality of coefficients; and

a voltage application step of providing the corrected volt-
age to the plurality of pixel electrodes, wherein

the function is a linear function, and the number of the
coefficients is one, and

in the correction calculation step, a control input value S for
controlling a level of the voltage is corrected based on
the following formula:

S0

5= To- T -Toyxe <10

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature T0,
and a is the coefficient).

6. A spatial light modulation method which uses a liquid
crystal layer modulating a phase of incident light according to
a level of an applied electric field, and a plurality of pixel
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electrodes which are provided for each of a plurality of pixels
one-dimensionally or two-dimensionally arrayed, and apply
avoltage for generating the applied electric field to the liquid
crystal layer, the method comprising:

a temperature acquisition step of acquiring a temperature
signal which is a signal corresponding to a temperature
of the liquid crystal layer from a temperature sensor;

a correction calculation step of reading out one or a plural-
ity of coefficients from storage means storing in advance
the one or plurality of coefficients included in a function
expressing a correlation between a temperature change
amount with respect to a reference temperature of the
liquid crystal layer and a variation in phase modulation
amount in the liquid crystal layer, and carrying out a
calculation for correcting a level of the voltage by use of
a temperature indicated by the temperature signal, and
the one or plurality of coefficients; and

a voltage application step of providing the corrected volt-
age to the plurality of pixel electrodes, wherein

the function is an n-th order function (nis an integer not less
than 2), and the number of the coefficients is n, and

inthe correction calculation step, a control input value S for
controlling a level of the voltage is corrected based on
the following formula:

S0

S=twoa-Toxp - a1y xg, <%

(where, T is a temperature indicated by the temperature signal
provided from the temperature sensor, T0 is a reference tem-
perature, S0 is a control input value for obtaining a desired
phase modulation amount at the reference temperature TO0,
and p1 ... Pn are the n coefficients).
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